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context of functional aureochrome and
undergoes light-dependent
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Light-oxygen-voltage (LOV) domains absorb blue
light for mediating various biological responses in
all three domains of life. Aureochromes from strame-
nopile algae represent a subfamily of photoreceptors
that differs by its inversed topology with a C-terminal
LOV sensor and an N-terminal effector (basic region
leucine zipper, bZIP) domain. We crystallized the
LOV domain including its flanking helices, A0a and
Ja, of aureochrome 1a from Phaeodactylum tricor-
nutum in the dark state and solved the structure at
2.8 A˚ resolution. Both flanking helices contribute to
the interface of the native-like dimer. Small-angle
X-ray scattering shows light-induced conformational
changes limited to the dimeric envelope as well as
increased flexibility in the lit state for the flanking
helices. These rearrangements are considered to
be crucial for the formation of the light-activated
dimer. Finally, the LOV domain of the class 2 aureo-
chrome PtAUREO2 was shown to lack a chromo-
phore because of steric hindrance caused by M301.
INTRODUCTION
Light is indispensable for a plethora of biological processes in all
kingdoms of life. For light-dependent regulation several photore-
ceptor families have evolved, among them the major class of
Per-ARNT-Sim (PAS) domain containing photoreceptors. Here,
the light-oxygen-voltage (LOV) domains represent a prominent
subset, whose members control responses in plants such as
phototropism, chloroplast relocation, or stomata opening (Chris-
tie, 2007; Demarsy and Fankhauser, 2009), regulate the circa-
dian clock and carotenoid synthesis in fungi (Froehlich et al.,
2002; He et al., 2002), and contribute to diverse responses in
prokaryotes (Herrou and Crosson, 2011).
Sensory module LOV domains absorb blue light signals by
a non-covalently bound flavin chromophore, which reversibly
forms a C4(a) photoadduct (lmax 390 nm) between its isoallox-
azine ring and a conserved cysteine residue. Depending on the
dark-reversion kinetics, the active state that is assigned as the
lit 390-nm state can last from seconds to days (Losi and Ga¨rtner,
2011). Besides the conserved PAS fold, the flanking helices, A0a
and Ja (Halavaty and Moffat, 2007; Harper et al., 2003), serveStructure 24, 17either in dimer interface stabilization or in signal transduction
to the effector domains, for example, to a Ser/Thr-kinase (Aihara
et al., 2012; Harper et al., 2004).
Unlike most other photoreceptors, where the photosensory
domain or module precedes a C-terminal effector domain, aureo-
chromes have an inversed effector-sensor topology (Figure 1A).
Aureochromes were first identified in the stramenopile alga
Vaucheria frigida (Takahashi et al., 2007). In both of its paralogs,
VfAUREO1 and VfAUREO2, a long N-terminal extension of un-
known function is followed by an S-type or D-type bZIP effector
domain that binds specifically to the TGACGT motif in vitro and,
finally, a C-terminal sensory LOV domain. Based on phylogenetic
analyses, aureochromes can be further subdivided into up to four
distinct classes (Schellenberger Costa et al., 2013). The genome
of the diatomPhaeodactylum tricornutum comprises three aureo-
chrome orthologs of class 1 (PtAUREO1a, 1b, 1c) and one ortho-
log of class 2, PtAUREO2. Whereas aureochromes apparently
control the photomorphogenesis of multinucleate V. frigida algae
(Takahashi et al., 2007), they play major roles for the photoaccli-
mation and cell division of the unicellularP. tricornutum (Huysman
et al., 2013; Schellenberger Costa et al., 2013).
Aureochromes were shown to function in a dimeric state
similar to their fungal counterpart, the photoreceptor Vivid. In
Vivid, the dimerizing N-cap is partly occluded by the dark-state
LOV domain and exposed upon the latter’s photoconversion
(Vaidya et al., 2011). Interestingly, for VfAUREO1, the dimeriza-
tion tendency of the full-length protein or the bZIP-LOV module
depends crucially on the redox potential of the environment
because of cysteine residues in the bZIP and linker region (Hisa-
tomi et al., 2014). Under reducing conditions, light-induced
dimerization is possibly driven by the LOV domains. Further-
more, the crystal structure of the VfAUREO1 LOV domain re-
vealed surprisingly an antiparallel dimer in the dark state (Mitra
et al., 2012), whose arrangement is contradictory to recent re-
ports, according to which dimerization of the bZIP domains is
enhanced by dimerizing LOV domains in the lit state (Nakatani
and Hisatomi, 2015). Finally, Fourier transform infrared spectros-
copy (FTIR) studies of the photosensory module of PtAUREO1a
showed that upon light illumination both the helices flanking the
LOV dimer, namely the N-terminal A0a and the C-terminal Ja he-
lix, unfold leading to the adoption of the active dimeric state (Her-
man et al., 2013; Herman and Kottke, 2015).
To this end, we solved the crystal structure of the PtAUREO1a
A0a-LOV-Ja module, which adopts a physiologically relevant
native-like dimeric arrangement. Both of the flanking A0a and
Ja helices play a crucial role in dark-state dimerization and the
A0a helices are suitably positioned for being continued to the1–178, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 171
Figure 1. Crystal Structure of A0a-LOV-Ja in
the Dark-Adapted State
(A)Molecular architecture of full-lengthPtAUREO1a
and its A0a-LOV-Jamodule.
(B) UV/Vis spectra of recombinant A0a-LOV-Ja
and PtAUREO2 LOV domain-based mutants with
their bound flavin cofactors. WT, wild-type.
(C) The overall fold of the A0a-LOV-Ja module
(molecule A) is shown on the left; the four mole-
cules in the asymmetric unit as found as AB and
CD dimers are depicted on the right. The con-
served LOV domain core is shown in light orange,
A0a in dark orange, and the Ja helix in brown.
(D) The FMN-binding site of PtAUREO1a A0a-LOV-
Ja. Residues crucial for binding of the FMN
chromophore are highlighted as stick models.
N286 interacts with FMN via a bridging water
molecule (red sphere). The critical amino acids in
PtAUREO2 A0a-LOV-Ja, which interfere with FMN
binding, are highlighted in green. Refer to Fig-
ure S1 for more insight into PtAUREO2.preceding helical bZIP dimer. Furthermore, we show that the
lack of FMN binding in the related PtAUREO2 is dominantly
caused by steric hindrance due to M301. Using isothermal titra-
tion calorimetry we quantified the dark-state dimerization of
PtAUREO1a to a KD of 64 ± 11 mM. By small-angle X-ray scat-
tering, we observed both concentration- and light-dependent
structural rearrangements of the A0a-LOV-Jamodule. This study
revealed the dimerization propensity of the aureochrome LOV
domain and thus gives further structural restraints for the design
of optogenetic tools (Grusch et al., 2014; Mitra et al., 2012).
RESULTS AND DISCUSSION
Crystal Structure of the PtAUREO1a A0a-LOV-JaModule
LOV domains are based on a conserved structural core, Ab-Bb-
Ca-Da-Ea-Fa-Gb-Hb-Ib (Crosson and Moffat, 2001). It was
shown that the core is flanked by two extended helices, A0a
and Ja, which play crucial roles in downstream signal transduc-
tion. To understand the topology of A0a and Ja, the recombinant
A0a-LOV-Ja module of PtAUREO1a (D238-D378) was purified
from Escherichia coli and crystallized in the dark-adapted state.
Crystallization of the lit state failed due to its apparently high172 Structure 24, 171–178, January 5, 2016 ª2016 Elsevier Ltd All rights reservedintrinsic flexibility by unfolding of the
flanking helices (Herman et al., 2013; Her-
man andKottke, 2015). The dark-adapted
crystal structure was solved at 2.8 A˚ res-
olution by molecular replacement using
the dark-state structure of the VfAUREO1
LOV domain (Mitra et al., 2012) as a
search template. The structural model of
the A0a-LOV-Ja module was refined
to Rwork/Rfree values of 0.17/0.23, res-
pectively; for refinement statistics refer
to Table 1.
In the asymmetric symmetry unit, two
dimers, AB and CD, of the A0a-LOV-Ja
module are found (Figure 1C) and the
electron density is defined for residues
F239-E370 of the AB dimer molecules and S240-E370 for the
CD dimer (Figure S2). Unlike the VfAUREO1 LOV domain, the
A0a helices (F241-A248) are structurally defined for all monomers
and pack against b strands A and I. Only in molecule C, the elec-
tron density is continuous until the 6 position and thus shows
a further extended A0a helix (D238-A248), most likely due to
unique crystal contacts made by the preceding vector-derived
linker (Figure S2). For structural representations and analysis,
we hence chose either molecule A or the AB dimer. In the
A0a-LOV-Jamodule, the canonical PAS domain comprises resi-
dues A248-S354 and is built up by a five-pleated antiparallel b
sheet (Ab, F252-T255; Bb, V265-A267; Gb, M313-Y320; Hb,
G324-R337; Ib, T344-K352) and four helices (Ca, Q269-T275;
Da, L279-I282; Ea, C287-L290; Fa, P297-Q309). Two flanking
helices, the N-terminal A0a (F239-A248) and the C-terminal Ja
helix (D355-E366), pack against this a/b-likePAS fold (Figure 1C).
Only eight C-terminal residues of themodule were not defined by
electron density due to intrinsic disorder. The isoalloxazine ring
forms hydrogen bonds with N262, N286, Q291, and Q350.
N286 coordinates to the isoalloxazine via a bridging water mole-
cule (Figure 1D). R288 of Ea and R304 of Fa form salt bridges to
the phosphate group of FMN.
Table 1. Crystallographic Data Collection and Refinement
Statistics of PtAUREO1a A0a-LOV-Ja
Data Collection
Synchrotron beamline BESSY II, MX14.3
Space group P1 21 1
Cell dimensions (A˚/) a = 56.39, b = 75.55,
c = 77.66; a = 90,
b = 94.726, g = 90
Wavelength (A˚) 0.91841
Resolution range (A˚) 38.7–2.80
Completeness (%)a 98.8 (94.9)
Observed reflections 66,170
Unique reflections 16,068
Multiplicitya 4.1 (3.9)
Wilson B factor (A˚2) 23.3
Rsym (%)
a,b 0.122 (0.304)
Mean I/sa 8.5 (3.8)
Refinement Statistics
Resolution range (A˚) 38.7–2.8
Rwork (%)/Rfree (%)
c 17.0/23.0
Average B factor (A˚2) 32.16
Number of atoms 4,327
Root-mean-square deviation
bond lengths
0.010
Root-mean-square deviation
bond angles
1.216
Ramachandran
Favored (%) 98.86
Allowed (%) 1.141
Disallowed(%) 0
Rotamer outliers (%) 1.79
PDB code 5A8B
aOverall/last resolution shell.
bRsym is the unweighted R value on I between symmetry mates.
cRfree is the cross-validation R factor using 5% of reflections, against
which the model was not refined.Previously, it was reported that VfAUREO2 fails to bind FMN
(Takahashi et al., 2007). To understand the structural details of
the homologous PtAUREO2, the A0a-LOV-Ja module was
modeled using the Swiss-Model server (Guex and Peitsch,
1997) and the VfAUREO1 LOV domain dark-state structure
PDB: 3UE6 (Mitra et al., 2012) as model template. The goodness
of the modeled PtAUREO2 is shown in Figure S1A. The FMN-
binding pocket of PtAUREO2 lacks a conserved glutamine (Fig-
ures S1B and S1C) (PtAUREO1a, Q350; PtAUREO2, I398) that
forms hydrogen bonds to the N5 nitrogen and O4 oxygen of
the isoalloxazine moiety. Replacement by leucine showed that
this glutamine plays a central role in the progression of structural
changes of LOV domains by light-induced rotation (Nozaki et al.,
2004). The replacement of Q350 by isoleucine in PtAUREO1a-
LOV accordingly still allows FMN binding by LOV domains (Fig-
ure 1B), but the reversion kinetics becomes significantly retarded
(Figure S1E). Interestingly, there are two further changes in
the FMN-binding site of PtAUREO2 relative to PtAUREO1a.Structure 24, 17First, F331 is replaced by a similarly bulky leucine residue in
PtAUREO2. Accordingly, its replacement in PtAUREO1a gives
wild-type-like flavin binding (Figures 1 and S1D). The second
residue is V253, whose replacement by a methionine as in
PtAUREO2 should result in increased steric hindrance for the
FMN’s isoalloxazine moiety (Figures 1D and S1C). The site-
directed mutant V253M shows an almost complete loss of
bound flavin (Figure 1B). Unlike the wild-type and the mutants
F331L and Q350I, but similar to recombinant VfAUREO2 (Taka-
hashi et al., 2007) the V253M variant is apparently destabilized
asmajor fractions of it form inclusion bodies. These data suggest
that M301 is the key change that ablates FMN binding in
PtAUREO2. Nevertheless, residual flavin bound to the V253M
variant still exhibits some dark-reversion kinetics (Figure S1F),
suggesting that the other changes contribute to further destabi-
lization of FMNbinding toPtAUREO2. In any case, the function of
PtAUREO2 still remains enigmatic.
The Dark-State Dimer of the PtAUREO1a A0a-LOV-Ja
Module
The monoclinic crystal form of the A0a-LOV-Ja module with its
four molecules per asymmetric symmetry unit was analyzed for
protein-protein interaction surfaces by PISA (Krissinel and Hen-
rick, 2007). The overall root-mean-square deviation value of only
0.357 A˚ for 231 Ca atoms of the AB and CD dimers indicates a
high degree of structural invariance (Figure S2). Accordingly,
AB and CD dimers differ only slightly in terms of their packing
by exhibiting interface areas of 960 A˚2 and 884 A˚2, respectively.
The difference ismainly caused byminor changes of the A0a helix
packing (Figures 2A and S2). Aureochromes are multidomain
proteins and the C-terminal LOV domain is connected to the he-
lical bZIP dimer at its N termini. Accordingly, the orientation of
the N-terminal A0a helices of the LOV domain is crucial in assem-
bly and defines the gross topology of the LOV and bZIP domains
in the context of full-length aureochrome. Although the subunit
orientations in the otherwise symmetric AB or CD dimers appear
to be antiparallel, the analysis of the gross topology of the
PtAUREO1a dimer revealed that the directional vectors linking
the N and C termini face in the same direction and are thus par-
allel to the twofold symmetry axis (Figure 2A). In contrast, in the
VfAUREO1 LOV dimer (Figure 2B), the N/C vectors face in
opposite directions and are perpendicular to the common
twofold. Consequently, the distance between the N termini of
the A0a helices in PtAUREO1a is only 14.9 A˚ and consistent for
being elongated into a preceding, twofold symmetric bZIP
dimer. As the VfAUREO1 dimer is asymmetric by lacking the
A0a helix for one of its molecules, it is unlikely that the latter dimer
packing is part of a full-length aureochrome dimer architecture.
Interestingly, the arrangement and the distances between the
C-terminal Ja helices differ considerably (PtAUREO1a, 18.7 A˚;
VfAUREO1, 56 A˚), because in the VfAUREO1 LOV dimer (Mitra
et al., 2012) the Ja helices are remote from the interface by being
docked to the outer surface of the PAS domain dimer (Figure 2B).
The PISA analysis of the AB dimer interface gives a DG for
interface formation of 9.4 kcal/mol and reveals 30 residues
with distinct hydrophilic and hydrophobic interactions but no
salt bridges at the dimer interface. In the PtAUREO1a dimer,
the symmetric contacts between A339 and S354 as well as
G340 and T360 indicate that the dimer interface found may not1–178, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 173
Figure 2. Dark-State Dimer of A0a-LOV-Ja
(A) Quaternary structure of the A0a-LOV-Ja dimer (molecule A, orange; molecule B, green). The directional vectors linking the N terminus with the C terminus are
defined by red arrows. Note that the twofold symmetry axis of the dimer is parallel to the N/C vectors. The pairwise distances between both the N and C termini
are 14.9 A˚ and 18.7 A˚, respectively. The flanking A0a and Ja helices are shown in dark shades. Residues involved in dimerization are shown as insets on the right.
The upper panel shows mostly hydrophilic interactions, whereas the lower panel represents the A0a-mediated hydrophobic interactions. A schematic of the
overall parallel topology of the dimer is shown on top.
(B) Dark-state dimers as observed for LOV domains from VfAUREO1 (PDB: 3UE6, EF dimer). The molecules form an antiparallel dimer topologically (see also
simplified scheme). The Ja helices are packed at the outer surface of the subunits and face in opposite directions with a pairwise distance of 56 A˚ for the C termini.
The A0a helix was not entirely defined in PDB entry PDB: 3UE6, hence the reference N terminus was used from the Ab strand. Interface areas and DG values (right)
for interface formation were calculated by the PISA server (Krissinel and Henrick, 2007). See Figure S2 for more details about the extended A0a helix arrangement
in molecule C of PtAUREO1a A0a-LOV-Ja. rmsd, root-mean-square deviation.be considered as a crystallization artifact (Conrad et al., 2013). In
the LOV2 domain of phototropin, the conserved PAS core is
flanked by the Ja helix, which was shown to play a significant
role in signal transduction (Harper et al., 2004). In the A0a-LOV-
Ja dark-adapted crystal structure, the Ja helices are folded
back onto the dimer interface, where they form hydrogen bonds
with the b-sheet core (Figure 2A). In this way they are suitably
positioned to affect the stability and quaternary structure of the
PtAUREO1a LOV dimer during blue-light-driven transition to
the lit state. The central interface area of the parallel dimer is built
by predominantly hydrophobic interactions and thereby shielded
by the N-terminal A0a helices from both monomers. These three-
turn A0a helices further stabilize the hydrophobic core of the
interface by providing aromatic residues facing toward the hy-
drophobic interface of the dimer (Figure 2A). This assembly re-174 Structure 24, 171–178, January 5, 2016 ª2016 Elsevier Ltd All rigsembles the differently packed dimer of the LOV1 domain from
phototropin 1 (Nakasako et al., 2008), where the A0a helices
extend likewise into the hydrophobic core between its two sub-
units, but clearly contrasts with the crystal structures of other
LOV dimers. For example, the dimer packing of LOV2 from pho-
totropin 1 (Halavaty and Moffat, 2013) is mostly stabilized by
hydrophilic interaction between the A0a and Ja helices with the
LOV domain core. In another example, the bacterial YtvA LOV
domain (Mo¨glich and Moffat, 2007), the Ja helices are com-
pletely undocked from the core by making intimate pairwise
interactions. The eminent role of the A0a helix for signal transduc-
tion is underlined by the fungal standalone LOV protein Vivid,
where its N-terminal helical extension Aa helix, the N-cap, forms
the dimerization interface of the lit state (Zoltowski and Crane,
2008; Vaidya et al., 2011).hts reserved
Figure 3. Concentration-Dependent Mono-
mer-Dimer Equilibrium and Light-Induced
Structural Changes
(A) ITC measurements for analyzing the PtAUR-
EO1a A0a-LOV-Ja dimer dissociation. For the dark
state, the fitted curve (black) of enthalpy change
shows dimer dissociation (red dots), whereas
the light state (blue dots) lacks any significant
change. Raw isothermal titration calorimetry data
are shown in the inset.
(B) Concentration-dependent changes in the
scattering profile and Rg in the dark state of un-
tagged A0a-LOV-Ja.
(C) Kratky plot of untagged A0a-LOV-Ja in dark
(red) and lit (blue) states, showing increased
structural flexibility in the lit state (highlighted by
arrow). The molecular envelops of the dark and lit
states are shown as gray meshes. The dimer in
pink surface representation is shown on the right.
The lit-state envelope is more symmetric than its
dark-state counterpart.
(D) Porod plot of untagged A0a-LOV-Ja showing its
flexibility in the lit state (blue). P(r) distribution
profiles and evaluation of Dmax from the SAXS
scattering curves revealed structural changes
restricted to the dimeric envelope with an apparent
Rg of 26 A˚.
(E) Kratky plot of N-terminally His6-tagged
A0a-LOV-Ja revealing greater flexibility than the
untagged counterpart.
(F) Porod exponents of the tagged protein in the
dark and light state. The upper panel indicates P(r)
distribution profiles of tagged A0a-LOV-Ja and
evaluation of Dmax from the SAXS scattering curves
revealed an overall conformation rearrangement in
the dark and light state with a change of 2-A˚ radius
of gyration. A0a-LOV-JaSAXS envelopes in the dark
(DR) and light (BL) states are shown as graymeshes
in the upper right panel. The gross conformational
change can be assigned to the flexibility of N-ter-
minal A0a in the lit state. Further SAXS data can be
found in Figure S3.The A0a-LOV-Ja Module Dimerizes in Solution in Dark
and Lit States
In the structure of the PtAUREO1a A0a-LOV-Ja module, we find
that this photoreceptor domain adopts an apparently native-like
dimeric arrangement already in darkness. To evaluate whether
this dimer exists in solution and outside its context of a full-
length aureochrome, we have performed isothermal titration
calorimetry (ITC) as previously outlined (Velazquez-Campoy
et al., 2004).
For ITC measurements under safe red light conditions
(lmax  650 nm), 2.5 mM of the A0a-LOV-Ja module was
used to quantify its dimerization propensity. We postulated
that at this concentration, where the protein has been crystal-
lized, the A0a-LOV-Ja module would predominantly exist as
dark-state dimers. Accordingly, the protein was diluted step-
wise into 10 mM Tris-HCl (pH 8), 300 mM NaCl buffer to shift
the equilibrium from the dimeric to the monomeric state by
dilution and to record the accompanying enthalpic changes.
The thermograms of the dark state show that, at the beginning
of the dilution series, an exothermic reaction takes place upon
dimer dissociation that saturates with increasing concentra-Structure 24, 17tions of A0a-LOV-Ja in the sample cell (red line in the inset of
Figure 3A), whereas buffer (black line) exhibited no significant
heat release. In the lit state, the A0a-LOV-Ja module behaves
differently as we failed to observe any heat release/uptake
from dimer dissociation, indicating that, in the lit state, the
A0a-LOV-Ja module forms stable dimers, as observed before
by size-exclusion chromatography (SEC) and FTIR (Herman
et al., 2013; Nakatani and Hisatomi, 2015). However, from
the heat releases upon dimer dissociation, we determined a
KD of 64 ± 11 mM for the dark state (Figure 3A). The affinity of
PtAUREO1a dimers is thus lower than the dimerization ten-
dency of the standalone VfAUREO1 LOV domain that has an
upper boundary for its KD of 35 mM in the dark state as obtained
by SEC (Nakatani and Hisatomi, 2015) and a KD of 4 mM ac-
cording to analytical ultracentrifugation (Mitra et al., 2012).
Light-Dependent Structural Rearrangement of the
PtAUREO1a A0a-LOV-Ja Module
To further elucidate the behavior of A0a-LOV-Ja in solution, we
performed small-angle X-ray scattering (SAXS) measurements
at different concentrations starting from 100, 200, and 400 mM1–178, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 175
Figure 4. Model of the DNA-Bound Func-
tional Module of Dark-State Aureochrome
and Light-Induced Changes in its LOV
Domain
(A) The functional module of PtAUREO1a with its
bZIP and LOV domains. The LOV domains are
depicted as found in the crystal structure (parallel
dimer), the bZIP domain of PtAUREO1a ismodeled
(Guex and Peitsch, 1997) using the PDB: 1YSA
structure (Ellenberger et al., 1992). The 20-bp
duplex DNA that contains the TGACGT recogni-
tion motif was modeled by the model.it server
(Munteanu et al., 1998). The expected adduct
state that is based on the C4(a) adduct structure
from PDB: 3ULF is shown in the inset (Mitra et al.,
2012).
(B) Light induces unfolding of the flanking helices
of LOV and its dimerization. After relaxation of the
chromophore, a dark-state dimer is formed with
the helices remaining in a flexible configuration
(light-adapted). Further protein conformational
change leads back to the compact monomeric
structure (Herman et al., 2013; Herman and Kottke,
2015) with its counterpart, the dark-adapted dimer
state, as found in the crystal structure. Note that
the dark state in SAXS measurements corre-
sponds to a dimer/monomer mixture.for untagged A0a-LOV-Ja and 42 and 833 mM for tagged variants,
i.e., with the N-terminal affinity tag, in both their lit and dark states,
respectively. To estimate the proportion ofmonomers and dimers
of the dark-state A0a-LOV-Ja module at the chosen SAXS con-
centrations, we used the dimer dissociation constant of 64 mM
and the equation derived in Graziano et al. (2006). At 42 mM, the
A0a-LOV-Jadomain exists as a 2.7:1mixture ofmonomers and di-
mers (73%, 27%), which is reversed to a 1:2.3 ratio at a concen-
tration of 833 mM (30% monomer, 70% dimer).
Interestingly, the primary SAXS data of tagged A0a-LOV-Ja
indicated major structural changes upon illumination at both
concentrations (Figure S3C, highlighted box), whereas untagged
A0a-LOV-Ja showed only minor differences (Figure S3A and Fig-
ure 3D, upper panel, P(r) distribution) with a radius of gyration
(Rg) of 26 A˚ that is highly consistent with a dimeric A0a-LOV-
Jamodule. Furthermore, flexibility analyses derived from Kratky
and Porod plots clearly indicate that the lit-state A0a-LOV-Ja
module is more flexible than the dark state (Figures 3C–3F).
The volume of the hydrated A0a-LOV-Ja module in the lit state
is hence 9 nm3 larger than in the dark state. The P(r) distribution
plot (Figures 3D and 3F, upper panel) is consistent with a globular
shape and intriguingly, compared with the tagged A0a-LOV-Ja
module, the maximal diameter (Dmax) was considerably reduced
for the untagged A0a-LOV-Jamodule from 130 A˚ to an apparent
diameter of 90 A˚ in the dark and 98 A˚ in the lit state, respec-
tively. As indicated before by ITC data for the monomer-dimer
equilibrium, we observed concentration-dependent changes in
the SAXSmeasurements (Figure 3B) where theRg was increased
by at least 1 A˚ under the measured concentrations in the dark
state, whereas in the lit state the concentration dependence176 Structure 24, 171–178, January 5, 2016 ª2016 Elsevier Ltd All rigwas negligible (Figure S3B). As the scattered intensity depends
on the square of the particle volume, the signal at high con-
centrations will be dominated by the dimeric species. Dark-
state I0 values predicting 2.4 times the molecular mass of the
A0a-LOV-Ja module thus indicate that dark-state dimerization
already occurs in solution when in equilibrium with the mono-
meric species (Figure 3A). The calculated molecular mass from
the Porod volume was between 29 and 38 kDa. Such a disparity
was also previously reported for dark-state dimers of Vivid (Zol-
towski andCrane, 2008). The latter is also of interest because the
PtAUREO1a LOV domain reverts from its lit state first to a light-
adapted dark state with a time constant of 38 min as shown by
FTIR spectroscopy (Herman et al., 2013). Only then is the fully
dark-adapted state slowly recovered by keeping the samples
overnight in darkness at room temperature. Apparently, the
flanking helices of the light-adapted dark state remain in the
unfolded and undocked form of the lit state before refolding to
a dark-adapted state onset (Figure 4B).
Previous FTIR experiments have shown that, in the lit state, the
A0a-LOV-Ja module undergoes structural changes in the LOV
core concomitant with an unfolding of its flanking helices. Accord-
ingly, it was proposed that, upon blue light illumination, the Ja he-
lix first gets unfolded and then the A0a helix unfolds (Figure 4B),
which leads to a stable lit-state dimer (Herman et al., 2013; Her-
man and Kottke, 2015). Because in SAXS we observe no global
change of the Dmax values in the P(r) profiles, all structural rear-
rangements of the A0a-LOV-Jamodule itself upon a dark-lit state
transition have to occur within its fixed dimeric envelope. How-
ever, the Kratky and Porod analyses revealed increased flexibility
of the lit state and this flexibility can be assigned to the flankinghts reserved
helices mentioned above. Stronger flexibility in the N-terminally
tagged A0a-LOV-Ja than in the untagged variant (Figures 3E
and 3F) might be rationalized by the further extension of the A0a
helix as shownbymoleculeC of the crystal structure. For compar-
ison, illuminated crystals of the VfAUREO1 LOV domain formed
the expected photo adduct between C254 and FMN but lacked
any further structural changes due to crystal packing restraints
(Mitra et al., 2012). Interestingly, neither the monomeric nor the
dimeric form of A0a-LOV-Ja fits well to the dark-state envelope,
indicating that in solution the protein still holds a high degree of
flexibility (Figures 3C and 3D) or exists as a mixture of different
conformational substates. However, the lit-state envelope ap-
pears to bemore symmetric than the dark state and corroborates
the notion that at least the flanking Ja helices unfold in both sub-
units (Figures 3C and 4B) as reported earlier (Herman et al., 2013).
Such structural rearrangements in aureochrome’s LOV domain
were observed before by circular dichroism spectroscopy with
a loss of helicity of 6%–7% (Mitra et al., 2012; Hisatomi et al.,
2013). SAXS data of the lit state show indeed an I0 that gives a
3 times higher molecular mass than the theoretical mass and
a Porod volume of 33.5–44.7 kDa, which points to a possible un-
folding of the Ja andpresumably also the A0a helices. Noteworthy,
the large light-dependent changes of the primary SAXS data
observed only for the tagged but not the untagged A0a-LOV-Ja
module apparently reflect a large conformational change of the
N-terminal affinity tag in response to the light-triggered activation
of the LOV dimer. In this way, we predict that the aureochrome
LOV domain is indeed capable of transmitting conformational
changes via changes of its A0a helix to the preceding N-terminal
DNA-binding region.Conclusions
Aureochromes are light-dependent transcriptional regulators
that bind specifically to the TGACGT motif as shown in vitro for
VfAUREO1 (Takahashi et al., 2007). It was hence suggested as
a natural optogenetic module for controlling DNA binding in a
light-dependent manner (Nakatani and Hisatomi, 2015). Our
observations suggest that the A0a-LOV-Jamodule from P. tricor-
nutum forms dark-state dimers in solution and in crystal. Consid-
ering the fact that the bZIP domain should have a high intrinsic
propensity to form leucine zipper dimers independent of light,
the quaternary arrangement of parallel LOV domain dimers
may already exist in the context of a dark-state full-length aureo-
chrome (Figure 4A). The crystal structure of the A0a-LOV-Ja
module appears here to be a valid model of its conformation
in situ, where both flanking helices, A0a and Ja, are capable of
mediating a light-dependent control of aureochrome’s quater-
nary structure rather than of its overall dimerization state. In
that way, signaling via aureochromesmay depend on further fac-
tors, for example post-translational modifications or interactions
with transcription factors other than simple light-triggered DNA
binding and release. This may have to be considered for the
future engineering of aureochrome-based optogenetic tools.EXPERIMENTAL PROCEDURES
Crystallization and Structure Determination
The PtAUREO1a A0a-LOV-Ja module (D238-D378; 18.0 kDa) was ex-
pressed and purified as described previously (Herman et al., 2013) and inStructure 24, 17the Supplemental Experimental Procedures. Dark-adapted A0a-LOV-Ja crys-
tals belonging to space group P21 were grown in 24% (w/v) PEG1500, 20%
(v/v) glycerol. Data collection was done at the MX14.3 beamline, BESSY II,
Berlin. Data processing of A0a-LOV-Ja crystals with a mosaicity of 1.6 by
XDS and XSCALE gave a complete dataset with 2.8-A˚ resolution and a solvent
content of 47% for fourmolecules per asymmetric symmetry unit (Table 1). The
structure was solved by molecular replacement using PDB: 3UE6 as an initial
search template and a native 2.8-A˚ dataset of the dark-adapted state. For
details about data processing and refinement please refer to the Supplemental
Experimental Procedures.
Isothermal Titration Calorimetry and Small-Angle X-Ray Scattering
A0a-LOV-Ja dimerization dynamics was quantified by ITC in 10 mM Tris-HCl
(pH 8), 300 mM NaCl using a method described previously (Velazquez-Cam-
poy et al., 2004) (see Supplemental Experimental Procedures). Dark- and lit-
state SAXS datasets were collected at the ESRF, BM29 beamline. The data-
sets were processed using the ATSAS software package (Petoukhov et al.,
2012). For detailed data processing insights please refer to the Supplemental
Experimental Procedures. The I0 was calculated considering BSA as standard,
where the Rg was 32.4 ± 0.06 A˚ and I0 was 70.49 ± 0.03.
ACCESSION NUMBERS
The crystal structure of A0a-LOV-Ja can be accessed in the PDB using PDB:
5A8B. SAXS data are deposited in the Small Angle X-ray Scattering Biological
DataBase (SASBDB) and can be accessed with codes SASDAK8 (tagged
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